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Summary
Central Asia is a vast region at the crossroads of different
habitats, cultures, and trade routes. Little is known
about the genetics and the history of the population of
this region. We present the analysis of mtDNA control-
region sequences in samples of the Kazakh, the Uighurs,
the lowland Kirghiz, and the highland Kirghiz, which
we have used to address both the population history of
the region and the possible selective pressures that high
altitude has on mtDNA genes. Central Asian mtDNA
sequences present features intermediate between Euro-
pean and eastern Asian sequences, in several parame-
ters—such as the frequencies of certain nucleotides, the
levels of nucleotide diversity, mean pairwise differences,
and genetic distances. Several hypotheses could explain
the intermediate position of central Asia between Europe
and eastern Asia, but the most plausible would involve
extensive levels of admixture between Europeans and
eastern Asians in central Asia, possibly enhanced during
the Silk Road trade and clearly after the eastern and
western Eurasian human groups had diverged. Lowland
and highland Kirghiz mtDNA sequences are very similar,
and the analysis of molecular variance has revealed that
the fraction of mitochondrial genetic variance due to
altitude is not significantly different from zero. Thus, it
seems unlikely that altitude has exerted a major selective
pressure on mitochondrial genes in central Asian
populations.
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Introduction
Central Asia is a vast territory very poorly known ge-
netically, although it has played a crucial role in the
history of humankind and has been an area where cul-
tural and linguistic changes are known to have been of
key importance. It is often regarded as a borderland
between East and West, without a unique, particular
history, which is not the case (Bowles 1977; Sellier and
Sellier 1993).
Central Asia, as defined by Soviet scholars, encom-
passes the territories east of the Caspian Sea to the cur-
rent boundaries of China along the Pamir, the Hindu
Kush and farther to the northeast, and it comprises
the republics of Uzbekistan, Tajikistan, Turkmenistan,
Kirghizstan, and part of Kazakhstan; in Western liter-
ature, Mongolia, Tibet, and Sinkiang (pinyin Xinjiang,
western China) sometimes are included. It is a territory
of vast contrasts, with most of the land occupied by high-
altitude tracts or vast cold deserts, both unfavorable for
large and stable human settlements. However, the river
basins have been occupied since early times, and the
steppes have offered a good land for an itinerant pastoral
economy.
A territory located at the edge of the western Asian
empires, crossed by the Silk Road, with long-lasting con-
tacts with India yet open to the steppes of the north, it
is a case in point when one is trying to understand the
genetic consequences of complex cultural phenomena
such as acculturation, assimilation, and syncretism;
overlapping of economies, languages, and ways of life;
and migrations, expansions, and conquests.
The role of central Asia in early human evolution and
history is not well established. According to an old, long-
dismissed hypothesis, the nearby Altai region could have
been the origin of humankind. It is known that the re-
gion was populated during the lower Paleolithic, and
there is ample evidence of settlement during the middle
Paleolithic, including Teshik-Tash, the easternmost site
from which Neanderthal remains have been recovered.
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Figure 1 Geographic map of sampled area. The four central
Asian samples are in boldface. KIR-TALAS  Kirghiz from Talas, and
KIR-SARYTASH  Kirghiz from Sary-Tash. The Kazakhs and the
Sary-Tash Kirghiz live at elevations 12,000 m above sea level.
It is not clear, however, whether the region was part of
a “maturation” phase of anatomically modern humans,
a thruway in the colonization of Europe and eastern
Asia, or a place where Asian and European groups met
after their expansion (Bowles 1977).
The advent of the Neolithic seems to have been a local
development without significant external population in-
puts. The domestication of the horse in the steppes (An-
thony and Brown 1991) and, subsequently, the devel-
opment of wheeled vehicles (Anthony and Vinogradov
1995) had a major impact on world history, as mobility
increased dramatically and warfare was profoundly
changed. The human history of central Asia has been
determined by the crudeness of the physical geography,
which has not allowed stable human settlements. The
Scythians are the first people in the historic record of
central Asia, around the 7th century B.C., and they are
described as having European morphological traits, both
by ancient Chinese texts and the Greek historian He-
rodotus in the 5th century B.C. In the 2d century B.C.,
the Chinese established a trade route from the Mediter-
ranean Sea to eastern Asia (the Silk Road), which con-
nected the East and the West of the continent during
116 centuries, until it was replaced by safer ocean trade
routes. During the 3d and 4th centuries A.D., Turkic
hordes of Siberian origin replaced the Indo-European
peoples in central Asia and created a great empire from
Mongolia to the Black Sea, revived by Genghis Khan
during the 13th century. Later, the Chinese and Russian
empires established their rule over the vast territories of
central Asia.
Genetically, central Asia is one of the least-studied
major regions of the world. The analysis of classical
genetic markers has been donemainly by Soviet scholars,
and, in the global revision by Cavalli-Sforza et al. (1994),
little is added to the idea that central Asia is intermediate
between Asia and Europe.
We have sequenced mtDNA hypervariable region I in
samples of the Uighurs, the Kazakhs, and the Kirghiz,
three ethnic groups of central Asia, in order to investi-
gate the origins and evolution of central Asian popu-
lations and to address several hypotheses concerning the
population history of Eurasia. Furthermore, we have col-
lected samples from high- and low-altitude populations
and have investigated the possibility that selective pres-
sures on mtDNA genes have been caused by low oxygen
pressure.
Material and Methods
Population Samples
A 360-nucleotide sequence in hypervariable region
I of the mitochondrial control region (positions 16024–
16383 in the reference sequence; Anderson et al. 1981)
was analyzed in 55 Uighurs, 55 Kazakhs, 47 Kirghiz
from Sary-Tash, and 48 Kirghiz from Talas (fig. 1). Each
sample comprises ethnically homogeneous, autochtho-
nous, unrelated, healthy male donors, from whom ap-
propriate informed consent was obtained. The Uighurs
were sampled in the village of Penjim (600 m above sea
level) in the Panfilov district, Taldy-Corgan region, in
the easternmost section of Kazakhstan, only 18 km from
the boundary with China. This region is inhabited
mostly by Uighurs, who emigrated from Sinkiang (pinyin
Xinjiang; Chinese Uighur autonomous region) during
recent decades. The Kazakh samples were collected in
the villages of the Kegen valley (2,100 m above sea level;
Almaty region, Kazakhstan), a high plain a few kilo-
meters from the northern slopes of the Tien Shan range.
Two Kirghiz samples, one each from Sary-Tash in the
Pamir and from Bakai Ata in the Talas Valley, were an-
alyzed. Sary-Tash is an isolated high-altitude village
(3,200 m above sea level) a few kilometers from the
border with Tajikistan and China, in the heartland of
the Pamir mountains. The village of Bakai Ata (900 m
above sea level) is located in the Talas valley in the north-
ernmost section of Kirghizstan, along the ancient Silk
Road trade routes to Kazakhstan and Uzbekistan.
Blood samples were collected by the Italian team (F.F.,
G.F., D.L., and D.P.) within the CAHAP (Central Asia
High Altitude People) research program, which is pro-
moted jointly by the Laboratory of Anthropology of the
Academy of Science of Kazakhstan and the Anthropol-
ogy Unit of the University of Bologna. The objective of
CAHAP is the study of (a) human adaptability to high
altitude (Pettener et al. 1997), (b) body composition
(Battistini et al. 1995; Bedogni et al. 1997; Facchini et
al. 1998), and (c) genetic variability (Facchini et al. 1997;
Pettener et al. 1997), in central Asian mountain popu-
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lations. Two Italo-Kazakh expeditions were under-
taken—one in 1993 in Kazakhstan and the other in 1994
in Kirghizstan—in order to collect new information on
these topics.
mtDNA Extraction and Sequencing
Genomic DNA was extracted from whole blood by a
phenol-chloroform extraction method after a digestion
with proteinase K. The control-region I sequence was
PCR-amplified with primers L15996 and H16401 (Vig-
ilant et al. 1989). The sequence reaction was performed
on each strand by means of a DNA sequencing kit, Dye
Terminator Cycle Sequencing with AmpliTaq DNA
Polymerase (Perkin-Elmer). The product of the sequence
reaction was run in an ABI PRISM 377 (Perkin-Elmer)
automatic sequencer, and the sequences were aligned by
the ESEE computer program (Cabot 1988). One sib of
one individual was also sequenced as a control. The
sequences can be requested from F. C. by E-mail
(francesc.calafell@cexs.upf.es).
Statistical Analysis
Nucleotide diversity (Nei and Tajima 1981) was es-
timated as , where n isL 4 2(n/n 1)(1/L)S (1 S x )j1 i1 ij
sample size, L is sequence length, and xij is the frequency
of the ith nucleotide (A, C, G, or T) at position j. Sim-
ilarly, sequence diversity was estimated as (n/n
, where pi is the frequency of each of the
k 21)S (1 p )i1 i
k different sequences in the sample. The significance of
the sequence-diversity difference between two of the cen-
tral Asian populations was tested by means of nonpar-
ametric permutation procedure: the empirical null dis-
tribution of the difference in sequence diversity was
obtained by permuting the individual sequences at ran-
dom across populations and repeating the permutation
procedure 5,000 times. The probability of finding, be-
tween two populations, a sequence-diversity difference
larger than that actually observed was estimated on the
basis of the empirical distribution.
Genetic homogeneity among populations was tested
by analysis of molecular variance (AMOVA; Excoffier
et al. 1992), by means of the Arlequin package (Schnei-
der et al. 1996). For most other calculations, standard
packages such as PHYLIP 3.5c (Felsenstein 1989) were
used, and some programs (available, on request, from
F.C., at francesc.calafell@cexs.upf.es) were written spe-
cifically for this study.
For comparison, data from the following, other pop-
ulations were used: Turks (Calafell et al. 1996; Comas
et al. 1996; Richards et al. 1996), Chinese (nonabori-
ginal Taiwanese, presumably of Han descent; Horai et
al. 1996), Ainu (Horai et al. 1996), Koreans (Horai et
al. 1996), Altai from the Gorno-Altai region (Siberia;
Shields et al. 1993), Mongolians (Kolman et al. 1996),
Havik (Mountain et al. 1995), British (Piercy et al.
1993), and Middle Easterners (Di Rienzo and Wilson
1991). An extended database was used in some analyses;
the additional sequences were obtained from African
samples (Vigilant et al. 1991; Graven et al. 1995;Watson
et al. 1996, 1997), European samples (Di Rienzo and
Wilson 1991; Handt et al. 1994 [and additional Austrian
sequences in the database described in Handt et al.
1998]; Pult et al. 1994; Bertranpetit et al. 1995; Sajantila
et al. 1995; Calafell et al. 1996; Coˆrte-Real et al. 1996;
Francalacci et al. 1996; Pinto et al. 1996; Richards et
al. 1996; Stenico et al. 1996), Indian samples (Mountain
et al. 1995), Polynesian samples (Lum et al. 1994), and
Native American samples (Ward et al. 1991, 1993, 1996;
Shields et al. 1993; Santos et al. 1994; Batista et al. 1995;
Kolman et al. 1995. Genetic distance between popula-
tions was estimated by the expression D  d  [(d ij i
, where dij is the raw mean nucleotide pairwised )/2]j
difference between populations i and j, and where di and
dj are the raw mean nucleotide pairwise differences
within populations i and j, respectively (Rao 1982; Nei
1987). When negative genetic distances were found, a
small constant was added to the entire matrix to make
it positive; this procedure does not alter the genetic re-
lationships and enabled us to use tree-building algo-
rithms. Neighbor-joining trees (Saitou and Nei 1987)
were built from the distance matrix, and the bootstrap
method (Efron 1982) was used to estimate the robust-
ness of the branches. The distance matrix was also
represented by means of principal-coordinate analysis
(Gower 1966; Cavalli-Sforza et al. 1994, p. 42)
Results
Sequence Diversity
A total of 146 different sequences (see fig. A1, in the
Appendix) defined by 108 variable nucleotide positions
were obtained from positions 16024–16383 in the ref-
erence sequence (Anderson et al. 1981), from the 205
individuals analyzed. A set of descriptive parameters of
the sequences of each population are shown in table 1.
All observed polymorphisms were nucleotide substitu-
tions, except for that in one individual from Sary-Tash
who presented a deletion of one C in the run of three
C’s at positions 16294–16296. All variable positions
found in these central Asian samples have been de-
scribed, elsewhere, in other populations (see the descrip-
tion of the extended population database, in the Ma-
terial and Methods section).
Central Asian populations presented sequence diver-
sities of .984–.995 (table 1), with the lower values cor-
responding to the two high-altitude populations. Eur-
opean populations exhibited mtDNA sequence diver-
sities ranging from .936 (Danes) to .984 (Bavarians); the
range in eastern Asia is from .947 (Ainu) to .993 (Chi-
nese). Sequence diversity reaches .988 in Turks, .995 in
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Table 1
Diversity Parameters for Central Asian Populations
Kazakh Kirghiz (Sary-Tash) Kirghiz (Talas) Uighur
No. of individuals 55 47 48 55
No. of different sequences 45 34 43 46
No. of variable positions 64 59 56 63
Sequence diversity .990 .984 .995 .993
Ewens’s v 113.33 53.72 194.50 129.71
Nucleotide diversity .0185 .0170 .0180 .0164
Mean pairwise differences (SD) 6.64 (2.94) 6.12 (2.93) 6.48 (2.59) 5.91 (2.52)
Tajima’s D 1.814 1.902 1.699 1.969
Middle Easterners, and .955 in Mongols. Sequence di-
versity in central Asia is, therefore, among the highest
in Eurasia.
To test whether the reduction in sequence diversity in
high-altitude populations is statistically significant, a
permutation test was performed, as described in theMa-
terial and Methods section. The most extreme difference
was between the two Kirghiz samples: Sary-Tash, at an
altitude of 3,200 m above sea level, and Talas, at an
altitude of 900 m above sea level; that difference was
found to be close to the significance level ( ).P  .066
The other five possible pairs of populations were also
tested; in none of them was the difference significant.
The parameter v, from the equation , wasv  2N me
estimated as suggested by Ewens (1972); Ne represents
the effective population size, and m is the mutation rate;
therefore, interpopulation differences in v should be a
function of effective population size, since mutation rate
is presumably constant across populations. High-alti-
tude Kirghiz (Sary-Tash) present a v value lower than
those in the rest of the central Asian samples (table 1),
which could be due to a number of causes, such as (i)
a smaller exposure to external gene flow, (ii) long-term
smaller effective population size, (iii) a bottleneck in the
Kirghiz settlement in the high altitudes of the Pamir
mountains, (iv) greater variance in the number of off-
spring per mother in the Kirghiz, and/or (v) selection. A
combination of the demographic factors (i.e., i–iv),
linked to the colonization of an isolated, ecologically
poor habitat, seems more plausible; as discussed below,
selection is not likely to have operated extensively in
high-altitude mtDNA sequences in central Asia.
Sequence Sharing
All four central Asian populations share at least two
sequences: the reference sequence and the sequence that
presents both a T at position 16223 and a C at position
16362. Seventeen of the 146 different sequences found
were shared by at least two central Asian samples.When
those populations are compared to some sub-Saharan
African populations in our extended database, central
Asian populations are seen to share only two sequences
with Turkana (one is presented by the Kazakhs, and the
other is presented by the Sary-Tash Kirghiz), one Somali
sequence is found in the Uighurs, and the reference se-
quence is found in the Tuareg. Few central Asian se-
quences are found in America—only one in the Pacific
Northwest Haida, one in the Panamanian Kuna, and
two in Circumarctic populations. Central Asian popu-
lations share a few sequences with eastern Asian groups;
for instance, six sequences are shared with the Han Chi-
nese, five are shared with Koreans, and four are shared
with the Ainu. Central Asian populations share a total
of 15 sequences with Mongols (Kolman et al. 1996) and
9 sequences with Turks (96 individuals, pooled from
Calafell et al. 1996; Comas et al. 1996; Richards et al.
1996). Six of the nine sequences shared with Turks,
which characterize 18 Turkish individuals, are also
found all over Europe, whereas the rest, found only once
each in Turks, are common in eastern Asian populations
but have not been described in Europeans. Central Asian
populations share a total of 17 different sequences with
European populations (in a combined set of 1,420 Eur-
opean individuals) and a total of 12 with eastern Asian
populations. Of the sequences shared with Europeans
or with East Asians, only two sequences have been found
in Europe as well as in eastern Asia. It should be stressed
that, although central Asians share sequences with Eur-
opeans and eastern Asians, these two latter groups of
populations have very few sequences in common. Only
one Chinese, one Ainu, and two Korean sequences have
been found in Europe, which implies that Europeans and
eastern Asians present nearly nonoverlapping mtDNA
sequence pools.
Nucleotide Diversity
For every site, the nucleotide in the reference sequence
is the most frequent in each population, except for po-
sition 16223 which presents a C in the reference but
shows a high frequency of T in the populations studied
(50.9% in Kazakhs, 48.9% in the Sary-Tash Kirghiz,
68.8% in the Talas Kirghiz, and 41.8% in the Uighurs).
A high level of polymorphism was also found at position
16362, which presents a T in the reference sequence and
a high frequency of C in the populations studied (32.7%
in Kazakhs, 29.8% in the Sary-Tash Kirghiz, 43.8% in
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the Talas Kirghiz, and 32.7% in Uighurs). Nucleotide
diversity in central Asia ranges from .0164 in theUighurs
to .0185 in the Kazakhs. Those values are similar to
those in Mongolians (.0180) and slightly smaller than
those in eastern Asian populations, which present nu-
cleotide diversities from .0173 in Koreans to .0195 in
the Ainu. European populations present nucleotide di-
versities that are less than those found in central Asia;
they range from .0082 in Basques (pooled from data
reported by Bertranpetit et al. [1995] and Coˆrte-Real et
al. [1996]) to .0140 in Tuscany. Turks present a nucle-
otide diversity of .0155, smaller than that of central
Asian populations, and Middle Easterners present the
highest value (.0197) observed in European and Asian
populations. Therefore, nucleotide polymorphism in
mtDNA sequences in central Asian populations is in-
termediate between those reported for Europe and those
reported for eastern Asia. We cannot exclude, though,
that such values are due to the effect of one or a few
nucleotide positions. If the most polymorphic position
(i.e., position 16223) is excluded from the analysis, nu-
cleotide diversities become .0151–.0171 in central Asia,
.0166–.0185 in eastern Asia, .0186 in the Middle East,
.0142 in Turkey, and .0081–.0133 in Europe. Although,
when position 16223 is removed from the analysis, the
absolute values of nucleotide diversity in central Asia
decrease and approach those found in Turkey, both the
general trend of nucleotide diversity in Eurasia and the
relative position of central Asia in it remain. This is also
true when the second most polymorphic position, po-
sition 16362, is also removed: with both position 16223
and position 16362 excluded, nucleotide diversities are
.0139–.0159 in central Asia, .0152–.0173 in eastern
Asia, .0180 in the Middle East, .0139 in Turkey, and
.0079–.0131 in Europe.
Pairwise Differences
The mean pairwise differences in central Asian pop-
ulations (table 1) range from 5.91 in the Uighurs to 6.64
in the Kazakhs. When these values are compared with
those in other populations, it is apparent that, on one
hand, central Asian populations have slightly lower val-
ues than the eastern Asian groups, whose mean values
range from 6.68 in Koreans to 7.51 in the Ainu, and,
on the other hand, the values found in central Asia are
higher than the mean pairwise differences found in Eur-
opeans (range 3.15–5.03; Comas et al. 1997) and Turks
(5.45). Again, our results show an intermediate position
of central Asia, between Europe and eastern Asia.
Pairwise-difference distributions of the four central
Asia populations are clearly bell-shaped, with peaks at
five (Uighur), six (Kazakh and Sary-Tash Kirghiz), and
seven (Talas Kirghiz) differences. The distribution de-
rived by Rogers and Harpending (1992) for pairwise
differences could be fitted to the distributions observed
in all four central Asian populations. All four central
Asian samples presented low, negative Tajima’s (1989)
D statistics, and, except for the Talas Kirghiz, those D
statistics were significantly lower than the values that
would be expected under equilibrium. Even with mu-
tation rates varying across nucleotide positions, low Ta-
jima’s D statistics and bell-shaped pairwise-difference
distributions can be interpreted as the hallmark of an
ancient population expansion (Aris-Brosou and Excof-
fier 1996). However, given the uncertainty about the
mutation-rate estimates for the hypervariable region of
human mtDNA (Howell et al. 1996; Parsons et al.
1997), there is some controversy about which expansion
event is reflected in human mtDNA (Pa¨a¨bo 1996; How-
ell and Mackey 1997; Macaulay et al. 1997). Thus, Har-
pending et al. (1993) point to the Pleistocene expansion
(∼100,000 years ago) as being linked to the spread of
anatomically modern humans out of Africa, whereas
Watson et al. (1996) favor a later date (10,000–2,000
years ago) and associate bell-shaped pairwise distribu-
tions with populations that have undergone the ecolog-
ical and demographic transition from food gathering to
food production. Nonetheless, it seems difficult to accept
such recent dates, even in light of high mutation rates
(Bandelt and Foster 1997).
Genetic Structure of Central Asian Populations
The genetic structure of the four central Asian samples
was investigated by AMOVA (Excoffier et al. 1992).
When the four populations were treated as single groups,
we found that 99.54% of the genetic variation remained
within populations, whereas the remaining 0.46%
(which is not significantly different from 0 [ ;P  .0949
10,000 iterations]) of the variance could be attributed
to differences between populations. Next, we subdivided
the populations into mountain dwellers (the Kazakhs
and Sary-Tash Kirghiz, both from localities at an altitude
of 2,000 m above sea level) and plains dwellers (the
Uighurs and Talas Kirghiz). The fraction of genetic var-
iance that could be apportioned to this partition was,
according to AMOVA,0.52% ( ), indicatingP  .6635
that genetic variance within any ecological group was
larger than that between groups and, therefore, that the
division by altitude is not reflected in mtDNA variation.
Similarly, when populations were grouped by language
(three groups—Kirghiz, Kazakh, and Uighur, all be-
longing to the Turkic branch of the Altaic family), lin-
guistic affiliation did not contribute to the genetic var-
iance (0.47%; ). In summary, mtDNAP  .8325
sequence variation in these central Asian samples ap-
pears to be homogeneous among populations, with
(within the statistical power of AMOVA) no discernible
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Figure 2 Neighbor-joining tree of several European and Asian
populations. For the references to the original data, see the Material
and Methods section. Bootstraps supports 150% are shown in the
nodes of the tree. The arrow points to the segment from which an
African outgroup (!Kung San) would branch.
differentiation according to altitudinal habitat or lin-
guistic group.
Genetic Distances
Genetic distances (not shown) between central Asian
populations and eastern Asian, Indian, western Asian,
and European populations were calculated as described
in the Material and Methods section. The four central
Asian populations presented the shortest genetic dis-
tances among themselves, and Mongolians are the pop-
ulation genetically closest to these central Asian groups.
If African populations are added to the analysis, they
present large genetic distances to all other populations.
It is interesting to note that Turks present shorter genetic
distances to the British than to central Asians, even
though the central Asian populations’ samples in the
present study speak Turkic languages. A neighbor-join-
ing tree was built as described in the Material andMeth-
ods section, with the genetic distances estimated on the
basis of the mismatch-intermatch distance. The robust-
ness of the tree was assessed bymeans of 1,000 bootstrap
replicates (Efron 1982; Felsenstein 1985), a consensus
tree was built, and bootstrap supports 150% have been
represented on its nodes (fig. 2). It is evident that central
Asian populations occupy a position intermediate be-
tween the eastern Asian (Chinese, Korean, and Ainu)
and the Western (Middle Eastern, British, and Turk)
populations. Not surprisingly, the most robust nodes are
those that cluster together the eastern Asian populations
on one end and the Western populations on the other
end. No robust branches subdivided the central Asian
populations.
Since a tree representation of the distance matrix may
be misread as a succession of splits, we performed a
principal-coordinate analysis on the distance matrix.
The first two principal coordinates are represented in
figure 3. The first principal coordinate explained 51.9%
of the variance, and the second principal coordinate ex-
plained an additional 21.1% (73.0% combined). The
first principal coordinate placed the populations in an
east-west cline similar to that displayed by the neighbor-
joining tree; most Asian populations presented inter-
mediate values for the second principal coordinate, and
only the Ainu and the Altai, both of which are small,
isolated populations, presented extreme and opposed
coordinates.
Admixture Analysis
The evidence presented above seems compatible with
an admixture scenario for the origin of the central Asian
mtDNA sequence pool, as will be discussed in detail
below. As a first, rough approach to the measurement
of admixture, one can compute an admixture proportion
from the genetic-distance matrix by the triangle method,
as described by Cavalli-Sforza et al. (1994, p. 57). The
proportion m of European sequences found by this
method is for the Kazakhs, for them  .49 m  .52
highland Kirghiz, for the lowland Kirghiz, andm  .36
for the Uighurs. Overall, the proportions ofm  .55
European and eastern Asian sequences in central Asian
sequences would be .48 and .52, respectively. However,
we can refine those estimates by trying to ascertain the
possible European origin versus eastern Asian origin of
each of the sequences that we found in central Asia, by
a phylogenetic approach. To that effect, we constructed
a tree (fig. 4) with sequences from Europe (British and
Tuscan samples; 104 different sequences) and eastern
Asia (Ainu, Chinese, and Korean samples; 113 different
sequences). Only one sequence was shared between Eur-
opeans and Asians. We could identify 16 groups (table
2), which encompassed 82.5% of the sequences. Only
one group contained significant numbers of both Eur-
opean and eastern Asian sequences; another group con-
tained 1 European sequence and 25 eastern Asian se-
quences and was considered an Asian group. The same
groups were found also in a median network constructed
with the same sequences (results not shown; Bandelt et
al. 1995), and almost all match the most ancient nodes
in the European and Asian phylogenies of mtDNA se-
quences (H.-J. Bandelt, personal communication). If a
central Asian sequence presented the nucleotide changes
defining that group, it was assigned to that group and,
consequently, to Europe or eastern Asia. When se-
quences did not present any of the groups of defining
positions of each lineage (table 2), we compared them
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Figure 3 Principal-coordinate analysis of distance matrix, among Asian and European populations. The first principal coordinate explains
51.9% of the variation, and the second explains 21.1%, for a combined percentage of 73.0%. Population abbreviations are as in figure 1.
with our extended database. For a sequence to be as-
signed either to eastern Asia or to Europe, it had to be
identical to, or to differ in no more than two nucleotides
from, a sequence found exclusively in Europe or eastern
Asia. That approach allowed us to identify 93.7% of
central Asian sequences as belonging to an already se-
quenced eastern Asian or European lineage (table 3). An
average of 33.2% of the individuals in our central Asian
samples bore a sequence belonging to a European line-
age. This fraction became 35.4% when the unassigned
sequences were not taken into account. The proportion
of eastern Asian, European, and unassigned sequences
was not significantly different across central Asian pop-
ulations ( , 6 df, ).2x  7.67 P  .264
Discussion
Torroni et al. (1994) did not find, in mtDNA RFLPs
in Tibetans, any selective effects attributable to high al-
titude; we can reach similar conclusions with control-
region sequences when comparing lowland and highland
central Asian populations. As stated above, the genetic
variance attributable to altitude is not significantly dif-
ferent from 0.Moreover, Fu’s (1997) Fs-test presents very
similar values in the highland and the lowland Kirghiz
(20.249 and 20.627, respectively, both of which are
significantly negative [ ]). Such an excess of low-P ! .005
frequency segregating nucleotides could be produced by
a population expansion, selection, or both. It is unlikely
that selection would have acted to almost exactly the
same extent that a population expansion did in lowland
populations, as would be indicated by Fu’s Fs, and that,
after selection, mutation would have regenerated, at high
altitudes, a sequence pool that resembles so closely that
of low-altitude populations. Therefore, we are unable to
detect any effects of selection in the mtDNA control
region (and, given the absence of recombination in
mtDNA, that is true for the whole molecule). Never-
theless, this does not preclude the existence of selective
changes in one or more of the multiple nuclear genes
coding for respiratory-chain proteins.
The results of the present study consistently show that
the central Asia mtDNA sequences present features that
are intermediate between those found in Europe and
eastern Asia. This is especially patent in the following:
(i) the cline of the frequency of certain nucleotides in
specific positions, such as those found at positions 16223
and 16362; (ii) polymorphism at the nucleotide level, as
measured by nucleotide diversity—even when the effects
of clinal nucleotide positions are discounted; (iii) the
average pairwise-difference values, which are interme-
diate between those of Europe and those of eastern Asia;
and (iv) genetic distances, which locate the central Asian
populations between Europe and eastern Asia. Several
population history scenarios could have produced the
intermediate genetic features of central Asian mtDNA
sequences; some hypotheses that could be put forth—
such as an Asian colonization of Europe, or vice
versa—find no support in archaeological knowledge and
would contradict other mtDNA evidence (Ballinger et
al. 1992). However, some of the analyses that we per-
formed will allow us to assess the degree to which other,
more plausible hypotheses are supported by mtDNA
evidence.
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Figure 4 Neighbor-joining tree of eastern Asian (Chinese, Ainu, and Korean) and European (British and Tuscan) sequences. Genetic
distances between sequences were estimated via the Kimura two-parameter model, with the transition:transversion ratio set to 15:1. The tree
was postprocessed by rounding branch lengths to whole numbers, to eliminate ghost links (Richards et al. 1996). Dotted lines encircle the major
lineages (table 2), and figures represent their defining positions (add 16,000 to obtain the numbering used by Anderson et al. [1981]). “CRS”
denotes the Cambridge Reference Sequence (Anderson et al. 1981) and those sequences directly derived from it. Circles and triangles denote
sequences found in eastern Asia (unblackened circles denote Korean sequences; blackened circles denote Ainu sequences, and triangles denote
Chinese sequences), and squares denote sequences found in Europe (unblackened squares denote British sequences, and unblackened squares
denote Tuscan sequences).
Hypothesis A. Europe and Eastern Asia: Colonized
from Central Asia
A possible scenario for the colonization of Europe and
Asia by anatomically modern humans would involve an
initial “maturation phase” in central Asia. Under a re-
placement model of modern human origins, it is often
assumed that the migratory pathways leading to Europe
and Asia from Africa split somewhere in central Asia or
in neighboring regions. With the exception of theMiddle
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Table 2
Sequence Groups Identified in a Sequence Tree Built with 113
Eastern Asian (Han Chinese, Korean, and Ainu) and 104 European
(British and Tuscan) Sequences
GROUP-DEFINING
POSITION(S)
NO. OF SEQUENCES IN
Eastern Asian European
16189C 8 0
16189C/16223T 7 0
16126C/16231C/16266T 4 0
16172C/16304C 9 0
16223T/16298C 9 0
16223T/16290T/16319A 7 0
16223T/16209C 6 0
16223T/16362C 25 1
16223C/16362C/16189 C 8 0
16223T/16129A 9 6
16126C/16294T 0 11
16126C/16069T 0 10
16224C/16311C 0 12
16189C/16356C 0 6
16192T/16270 T 0 8
CRSa 0 26
Unassigned 14 24
a Cambridge reference sequence and those stemming directly from
it.
Table 3
Frequency of Sequences Identified as Eastern Asian or European, in
Four Central Asian Populations
NO. (%) OF SEQUENCES
Eastern Asian European Unassigned
Kazakh 31 (56.4%) 22 (40.0%) 2 (3.6%)
Talas Kirghiz 35 (72.9%) 12 (25.0%) 1 (2.1%)
Sary-Tash Kirghiz 28 (59.6%) 15 (31.9%) 4 (8.5%)
Uighur 30 (54.5%) 19 (34.5%) 6 (10.9%)
Total 124 (60.5%) 68 (33.2%) 13 (6.3%)
NOTE.—The assignment of sequences was based, first, on the pres-
ence of the defining positions for eastern Asian and European groups
(see table 2) and, second, on direct comparison with an extended set
of eastern Asian and European mtDNA sequences.
East, central Asian populations have higher mean pair-
wise differences than are seen in European and western
Asian populations, which would lend support to this
hypothesis. However, an expansion from central to east-
ern Asia does not seem compatible with the higher mean
pairwise differences and nucleotide polymorphism.
Moreover, the simultaneous colonization of Europe and
eastern Asia from central Asia might have implied over-
lapping mtDNA sequence pools between the two colo-
nized regions, which is not the case.
Hypothesis B. Central Asian mtDNA Sequences: The
Result of Admixture between European and Eastern
Asian Sections
Intermediate nucleotide diversity, pairwise-difference
means, and genetic distances, as well as a slightly ele-
vated sequence diversity, are compatible with the central
Asian mtDNA pool being an admixture of eastern Asian
and European lineages. As shown in the Results section,
Europe and eastern Asia share very few mtDNA se-
quences, whereas central Asia shares sequences with
both groups of populations; the sequences found in our
sample as well as in eastern Asia are different than the
sequences shared by Europeans and central Asians.
Moreover, of the two sequences shared by all four central
Asian samples, one (identical to the Cambridge reference
sequence) is the most frequent in Europe, whereas the
other (bearing 16223T and 16362C) is themost frequent
in eastern Asia. We found control-region sequences in
central Asia that bear the motifs that are often associated
with Asian RFLP haplotypes A–D (Torroni et al. 1993)
and with European haplogroups H, J, K, T, V, and W
(Torroni et al. 1996, 1998). However, it is extremely
difficult to associate control-region sequences with the
Asian superhaplogroup M (A. Torroni, personal com-
munication). If central Asian mtDNA sequences are as-
sumed to have a mixed origin, then the proportion
of European sequences can be estimated as being
35%–48%, depending on the method, with the lower
limit presumably being the more accurate estimate.
The dynamics of the process that generated the mix-
ture of eastern Asian and European mtDNA sequences
in central Asia is less clear. The same end result could
be achieved through gene flow from the East and the
West along the main trade routes during many genera-
tions, by migrations of whole groups during a shorter
time span, or by a combination of both processes. Ge-
netic distances and their representation by principal-co-
ordinate analysis point to Mongols and/or Chinese as
the possible source of eastern Asian sequences in central
Asia. The Silk Road crossed the region, and it could
have channeled migration along the east-west axis of
Eurasia. However, we cannot exclude that admixture
took place either before the establishment of the Silk
Road or after its demise. Both the fact that an extinct
Indo-European language, Tocharian, was spoken in the
area during the latter half of the 1st millennium A.D.
(Ruhlen 1991, pp. 35–36) and the recent discovery of
mummified bodies with European facial traits point to
the presence of Western peoples in central Asia. The
analysis of mtDNA in those mummies could add addi-
tional support to the admixture hypothesis. Thus, al-
though it is not possible to pinpoint the process that
generated the central Asian peoples, it is clear that the
different gene pools that merged in their formation had
already diverged in the outer reaches of the Eurasian
continent.
A further issue that can be investigated with the results
that we have presented is the relation between the Turks
and central Asian populations. Both the Turks and the
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populations that we have studied speak languages be-
longing to the Turkic branch of the Altaic family. During
the 11th century A.D., Turkic nomads (such as the Seljuqs
and the Ottomans, among others) occupied the grass-
land in the interior of Asia Minor, imposing their lan-
guage and replacing Anatolian, an extinct branch of the
Indo-European family (Ruhlen 1991, pp. 35–36), by an
e´lite dominance process (Renfrew 1987, pp. 131–133).
Whereas the historical and cultural consequences of the
Turkic invasion of Anatolia were profound, the genetic
contribution of the Turkic peoples to themodernTurkish
population seems less significant. Previous studies (Cal-
afell et al. 1996; Comas et al. 1996) have shown that
the mtDNA pool found in Turkey can be interpreted as
the result of upper Paleolithic and/or Neolithic expan-
sions from the Middle East to Europe, with a small con-
tribution by Asian sequences. The present results show
that those sequences were found in the Turkic central
Asian peoples, whose ancestors may have brought the
Asian mtDNA sequences to Anatolia. Nevertheless, it
should be stressed that, in the study of mtDNA se-
quences, only the female lineages are taken into account,
whereas processes such as invasions by nomadic peoples
might have been carried out basically by male warriors.
Therefore, although, in the present study, we found ev-
idence for a small influx of female lineages from central
Asia to Turkey, a more complete picture of the history
of Turkic populations could emerge if nuclear and Y-
chromosome markers were analyzed.
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Appendix
mtDNA Control-Region Segment I Sequences in Central Asian Populations
In the Appendix figure (displayed on the following two pages), dots (.) denote identity with the reference sequence
(AND [Anderson et al. 1981]), and numbers at the end of each sequence indicate the absolute frequencies of each
sequence in the Kazakhs (KAZ), the highland Kirghiz (KIR), the lowland Kirghiz (KIT), and the Uighurs (UIG).
Each sequence either has been considered to be of eastern Asian origin (denoted by an “A” at the end of the line)
or European origin (denoted by an “E” at the end of the line) or has been left unassigned (denoted by an “X” at
the end of the line).
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Figure A1 Continued
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